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Summary
Three opposing pathways are proposed for the re-
lease of malaria parasites [1] from infected erythro-
cytes [2, 3]: coordinated rupture of the two mem-
branes surrounding mature parasites [4, 5]; fusion of
erythrocyte and parasitophorus vacuolar membranes
(PVM) [6–8]; and liberation of parasites enclosed
within the vacuole from the erythrocyte followed by
PVM disintegration [9]. Rupture by cell swelling
should yield erythrocyte ghosts; membrane fusion is
inhibited by inner-leaflet amphiphiles of positive in-
trinsic curvature [10], which contrariwise promote
membrane rupture; and without protease inhibitors
[9], parasites would leave erythrocytes packed within
the vacuole. Therefore, we visualized erythrocytes re-
leasing P. falciparum using fluorescent microscopy of
differentially labeled membranes. Release did not yield
erythrocyte ghosts, positive-curvature amphiphiles
did not inhibit release but promoted it, and release of
packed merozoites was shown to be an artifact. In-
stead, two sequential morphological stages preceded
a convulsive rupture of membranes and rapid radial
discharge of separated merozoites, leaving segregated
internal membrane fragments and plasma membrane
vesicles or blebs at the sites of parasite egress.
These results, together with the modulation of release
by osmotic stress, suggest a pathway of parasite re-
lease that features a biochemically altered erythro-
cyte membrane that folds after pressure-driven rup-
ture of membranes.
Results and Discussion
Using sparsely populated gas-saturated complete me-
dium cultures at 37°C for microscopy of infected cells,
we first discovered illumination-dependent artifacts.
Increasing illumination of schizonts led to increasing
hemazoin decondensation, erythrocyte swelling, and
lysis to form swollen erythrocyte ghosts (see Figure S1
in the Supplemental Data available with this article on-
line). Extrusion of the parasitophorus vacuole with en-
closed immature schizont from swollen red blood cells
(RBC) was artifactual because there was no subse-
quent release of free merozoites for hours (Figure S2).
We reduced the laser power to 0.01–4.5 W at the ob-
jective (PD300 Power meter, Ophir Optronics, Inc., Wil-
mington, MA) and increased the interscan interval to*Correspondence: joshz@helix.nih.govminimize illumination to our specimen. We labeled bio-
tinylated erythrocyte membrane specifically with strep-
tavidin-quantum dots and all membranes nonspecif-
ically with FM4-64. The nanocrystal fluorophores
provided an excellent image of the RBC membrane that
did not fade during extended times of laser scanning.
We observed two sequential morphological stages of
infected erythrocytes prior to parasite release, irrespec-
tive of labeling. We call the earlier stage “irregular
schizont” because of its anisotropy. Irregular schizonts
occupied only a fraction of infected RBC, existing for a
few hours before release (Figure 1A). A few minutes be-
fore release, the irregular schizont transformed into
rounded structures (“flowers,” Figure 1B), characterized
by progressive loss of space between the RBC and par-
asite membranes and well-defined, tightly packed, and
symmetrically arranged merozoites around the centrally
positioned digestive vacuole with condensed hema-
zoin. A few seconds before release, we often observed
a progressive loss of the differential interference con-
trast of the RBC membrane (Figure 1C), suggesting
clusters of merozoites devoid of RBC membrane. How-
ever, differential fluorescent imaging showed a con-
tinuous RBC membrane surrounding mature parasites
in flowers till the moment of merozoite egress (see fluo-
rescent images in Figures 1B and 1C). This observation
contradicts the proposed sequential release model
[9]—first release of a PVM-enclosed cluster of merozo-
ites from RBC, then its postulated extracellular burst-
ing—and, as presented below, the membrane that burst
was the RBC membrane (i.e., the nanocrystal-labeled
membrane). Using unlabeled cells and low-power laser
illumination, we observed the radially dispersive re-
lease of separated merozoites but not their clusters
(Figure 1D, Movies S1–S4). All eight DIC recordings
showed that parasite release occurred from flowers
over several seconds. Released merozoites could invade
neighboring normal RBC immediately after release (five
recordings, Movie S4), confirming their viability.
The RBC membrane underwent a remarkable trans-
formation at the moment of parasite release (Figures 1E
and 1F, green). Bursting cells (eight recordings) pro-
duced membrane blebs of different sizes (Movies S5
and S6); the smallest vesicles appeared to detach from
ruptured erythrocytes, as they frequently leave the ob-
servation field or optical focus. We were able to rede-
tect these small moving vesicles by scanning in the Z
direction (Figure 2E and Movie S5). The observed
changes in membrane topology were replicated through-
out in release sites outside the field of view. In DIC
images of these release sites, we did not discern any
difference between unlabeled and single- or double-
labeled cells, suggesting that labeling did not affect
membrane rearrangement at parasite release (Figures
2A–2D).
We analyzed these nonilluminated release sites. Both
RBC plasma membrane and internal membranes de-
rived from parasite and PVM (yellowish-green for
quantum dot and FM4-64-labeled RBC membrane, red
for FM4-64-labeled internal membranes on Figure 2)
Current Biology
1646Figure 1. Stages of Parasite Maturation and Release
(A–C) Representative DIC (upper row) and fluorescent (lower row)
images of three cells at different times.
(A) “Irregular schizont” (few hours before release).
(B) “Flower” (few minutes before release).
(C) “Flower” with loss contrast of the RBC membrane (few seconds
before release). Scale bar equals 5 m. Biotinylated surface of RBC
is labeled with streptavidin-QD525 (green); all membranes are la-
beled with FM4-64 (red). This dye combination provided visual
discrimination of the yellowish-green RBC surface (overlapped
green and red) and red parasite-derived internal membranes.
(D–F) Sets of four timed pictures for three releasing cells (a vertical
arrangement of the sequential images) showing release and scat-
tering of merozoites from infected RBC. Scale bar equals 5 m.
(D) Release of merozoites from nonlabeled infected RBC.
(E) Release and scattering of merozoites from double-labeled in-
fected RBC.
(F) Fragmentation and vesiculation of RBC membrane during re-
lease of merozoites from double-labeled infected cell (optical focus
is on RBC membrane).
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aigure 2. DIC and Fluorescent Images of Parasite Release Sites
A and B) Site of parasite release from labeled RBC. DIC image (A)
nd fluorescent image (B) of the same site. Yellowish-green: RBC
embrane labeled with FM4-64 and Quantum Dots 525; red: mero-
oites or fragments of parasite-derived membranes (PVM + TVN)
abeled with FM4-64 only. Mz, merozoite; DV, digestive vacuole;
hite arrowhead shows terminal vesicle.
C) DIC image of site of parasite release from unlabeled control cell.
esiculated transparent structures (arrow): RBC membrane; flat
ragments (black arrowhead): parasite-derived membranes (com-
are with image [A]), terminal vesicles (white arrowhead).
D) Fluorescent image of site of parasite release from control cell
abeled with FM4-64 only.
E) Different patterns of RBC vesiculation at the sites of release.
ote vesicles of different sizes and different states of aggregation.
ome fragments could be composed of membrane blebs. See also
igures 4D and 4E.
F) Fragments of TVN (DIC and fluorescent images). Note the con-
ection of cisterns with tubules and terminal vesicles (white ar-
owhead).
G) Entire TVN extruded from infected RBC; FM4-64 labeling. White
rrowhead: terminal vesicle. Scale bar equals 5 m for all images.
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1647Figure 3. Effect of Positive- or Negative-Cur-
vature Amphiphiles or Medium with Different
Tonicity on P. falciparum Replication
(A–F) Lipids were added into the medium of
synchronized cultures at the time of cycle
transition and the effect on parasite replica-
tion was evaluated in 16–20 hr.
(A) LPC18:0: positive-curvature outer-leaflet
amphiphile. Mean of 3–6 experiments ± SE.
(B) “Cap agents:” positive-curvature inner-
leaflet amphiphiles (CPZ, chlorpromazine;
DB, dibucaine; TFP, trifluoperazine). Data
from eight experiments. Experiments per-
formed in medium with 10% plasma.
(C) PSdi8:0: positive-curvature inner-leaflet
amphiphile. Mean of three experiments ± SE.
(D and E) The maximal augmentation of par-
asite replication was achieved when treat-
ment with CPZ was performed at the time of
merozoite release. The culture was treated
for 30 min with 100 M CPZ at different time
during the cycle transition.
(D) Fraction of schizonts in the culture before
treatment with CPZ.
(E) Effect of CPZ treatment at time indicated
for (D).
(F) Oleic acid, a negative monolayer curva-
ture amphiphile, reverses the effect of posi-
tive-curvature amphiphile LPC18:0 on P. falci-
parum replication. 16–22 hr treatment with
amphiphiles added alone or in combination
in equimolar concentrations (25 M). Mean
of three experiments ± SE.
(G and H) Hypertonic stress inhibited while
hypotonic stress promoted parasite release.
(G) Late-stage synchronized cultures were
treated with stachyose for 18–22 hr. Mean of
2–4 experiments ± SE.
(H) Effect of hypotonicity on P. falciparum
replication. Cultures were treated for 10 min
at room temperature. Mean of 3–4 experi-
ments ± SE.were found segregated from each other in 91% of all
sites of release (n = 58). In five release sites (9%) with
incompletely separated merozoites, internal mem-
branes did not separate from RBC membranes. More
generally, the RBC membrane comprised micron-sized
round objects (blebs or vesicles) with a variety of ap-
parent attachments. A range of apparent vesicle sizes
and vesicle separation were seen (w0.2–2 m in diame-
ter; aggregated or separated as far as 20–30 m apart)
at different sites of release (Figure 2E). Internal mem-
branes comprised both cisternal and tubular struc-
tures. Many tubular branches of irregular shape had
terminal vesicles (Figures 2A, 2C, 2F, and 2G, white ar-
rowheads). We visualized an entire continuous network
of such internal membranes (reminiscent of a tubovesi-
cular network, TVN [11], seen inside infected RBC [12])
derived from a parasitophorus vacuole and extruded
from immature schizonts swollen by illumination (Figure
2G). The segregation of RBC and parasite-derived
membrane fragments on release sites contradicts the
fusion scenario [6–8], which should result in all TVN
membranes enclosed between vacuolar and erythro-
cyte membranes after parasite release. We show thatrupture and rapid morphological transformation of the
erythrocyte membrane accompanies the release of
separated merozoites from infected RBC: thus, rupture
of the PVM occurs prior to or at the same time as rup-
ture of the RBC membrane.
In general, membrane breakdown is facilitated by
amphiphiles that incorporate into membranes to pro-
mote positive monolayer curvature and reduce the
energetic barrier for membrane rupture [13, 14]. If para-
site release depends kinetically upon either lipidic por-
ation or rupture of erythrocyte membranes, these am-
phiphiles should promote release in biological assays
at the population level. Therefore, we incorporated the
positive-curvature amphiphile LPC [15] into the RBC
membrane. Parasitemia was consistently augmented
(Figure 3A), first detected by 30 min and continuing
thereafter. As expected, the same effect was observed
with other positive-curvature amphiphiles such as cap
agents (chlorpromazine, dibucaine, trifluoperazine) and
short-chain PSdi8:0 and LPS18:1 independent of their
charge or redistribution in the outer or inner leaflet of
membrane [16–20] (Figures 3B and 3C and Figure S3A).
The known inhibitory concentration of chlorpromazine
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on P. falciparum replication [21] allowed us to time the
augmentation described above. Amphiphiles still in-
creased the fraction of newly infected cells, but only if
treatment was performed at the time of merozoite re-
lease (Figures 3D and 3E). Augmentation observed with
inner-leaflet amphiphiles (chlorpromazine, dibucaine,
trifluoperazine, and short-chain PSdi8:0) effectively rules
out membrane fusion during parasite release since
membrane fusion is universally inhibited by positive-cur-
vature amphiphiles in the contacting leaflets of mem-
branes that are to fuse [15, 22].
Augmentation (around 40%) occurred at subhemo-
lytic concentrations of amphiphiles, suggesting the hy-
pothesis that amphiphiles act in concert with endoge-
nous factors. We excluded that amphiphiles facilitate
parasite invasion by treating only normal erythrocytes
with LPC in the invasion assay (93.3% ± 4.7% of con-
trol, mean ± SE; p = 0.23, n = 3). We controlled for the
possibility that lysolipids activate parasite replication
through mechanisms other than increasing membrane
monolayer curvature by treating cells together with ly-
solipid (LPC or LPS) and oleic acid (OA) an amphiphile
of negative curvature [23] to neutralize the effect of the
positive-curvature lysolipids, which it did (Figure 3F
and Figure S3B). Thus, neither the mere chemical pres-
ence of lysolipid nor its pharmacological effects can
activate parasite release. Indeed, higher concentrations
of OA are inhibitory (43.4% ± 5.53% of control at 400 M,
mean ± SE; p < 0.001, n = 6), which is consistent with
the stabilization of erythrocyte membrane by OA seen in
osmotic stress and in fusion pore opening [24, 25].
What is the physical driving force for membrane
rupture during release? Two kinds of stresses break
membranes: bending and stretching. If bending were
breaking the membrane, then inner- and outer-leaflet
positive-curvature amphiphiles would have opposite
effects on membrane rupture because membrane
bending energy is sensitive to monolayer intrinsic cur-
vature [10]. Instead, these two kinds of amphiphiles had
the same effect, and thus intrinsic membrane curvature
is unlikely to be the main driving force for release.
Membrane stretching is tested by increasing osmotic
pressure outside the prerelease cells, and hypertonic
stress inhibited release, while hypotonic stress pro-
moted rupture (Figures 3G and 3H). This is consistent
with the idea that a build up of pressure inside the in-
fected RBC precedes rupture [4].
However, the outcome at release is not the expected
outcome of simple osmotic lysis, which results in an
RBC ghost. While a single pore is suggested by occa-
sional punctile merozoite exit (Movies S2 and S3), the
resulting blebbed and vesiculated RBC membrane is
hardly a ghost. Notably, both vesiculation and an in-
creased fragility of the RBC membrane are observed in
cells that are deficient of spectrin, and the experimental
deletion of spectrin and actin from RBC leads to a
spontaneous vesiculation of the membrane [26]. In-
deed, intensive disintegration of the erythrocyte cy-
toskeleton [27, 28] most likely precedes the release
event. Our results suggest that this disintegration is
crucial to physiological release; it may be caused by
the protease activity whose inactivation halts release
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sigure 4. The Pathway for the Release of Mature Parasites from
nfected RBC
he observed sequential morphological changes of the schizont
“irregular schizont” [A] to “flower,” [B and C]) followed by rupture
f parasite-enclosed membranes and vesiculation of the RBC
embrane (D and E). See description of the events in the text.
olor code: green, RBC membrane; red, PVM or TVN; orange, mer-
zoites; black, digestive vacuole.9, 27, 28]. In addition, proteins or lipidic metabolites
ay facilitate RBC membrane rupture in parasite re-
ease. Candidates include molecules structurally ho-
ologous to pore-forming peptides from other para-
itic protozoa [29], curvature-dependent pore-forming
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1649proapoptotic protein Bax [30], and curvature-forming
proteins such as epsin acting in endocytosis [31].
We propose the following scenario (Figure 4). A cas-
cade of regulated activities of maturing merozoites [4,
9, 27, 28] prepares infected RBC and PVM membranes
for parasite release. Merozoite formation and pro-
gressive decomposition of the RBC cytoskeleton give
rise to the “irregular schizont” (Figure 4A). This, to-
gether with a subsequent increase in intracellular vol-
ume, transforms the irregular schizont into short-lived
rounded structures that resemble petals (flower stage,
Figures 4B and 4C) that explosively rupture (Figures 4D
and 4E). The vacuolar membrane fragments at the
same time or shortly before the RBC membrane frag-
ments [5]. Individual parasites leave separated from
each other and separated from the vacuole and other
intracellular membranes that are simultaneously ex-
truded from the rupturing cell. Released parasites are
capable of immediate invasion into neighboring eryth-
rocytes. Thus, a series of morphological stages driven
by intracellular events form a pathway by which the
rupture of the fragile membranes of the host cell that
enclosed merozoites leads to abrupt vesiculation of
RBC membrane to expulse individual Plasmodial mero-
zoites for their next round of infection. This pathway
allows for good dissemination of these nonmotile para-
sites, even within regions of blood vessels densely
packed with infected cells, as in cerebral malaria [32, 33].
Supplemental Data
Supplemental Data include three figures, six movies, and Supple-
mental Experimental Procedures and can be found with this article
online at http://www.current-biology.com/cgi/content/full/15/18/
1645/DC1/.
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